In order to improve the efficacy of chemotherapy for cancers, we have developed a novel prodrug micellar formulation to co-deliver ceramide-generating anticancer agents and ceramide degradation inhibitor (PPMP). The prodrug nanocarrier is based on a well-defined POEG-b-PPPMP diblock copolymer. The hydrophilic block of POEG-b-PPPMP is POEG, and the hydrophobic block is composed of a number of PPMP units, which could work synergistically with loaded anticancer drugs. POEG-b-PPPMP was readily synthesized via a one-step reversible addition-fragment transfer (RAFT) polymerization from a PPMP monomer. The newly synthesized polymers were self-assembled into micelles and served as a carrier for several hydrophobic anticancer drugs including DOX, PTX and C6-ceramide. POEG-b-PPPMP prodrug polymer exhibited intrinsic antitumor activity in vitro and in vivo. In addition, POEG-b-PPPMP prodrug polymer was comparable to free PPMP in selectively enhancing the production of pro-apoptotic ceramide species as well as down-regulating the mRNA expression of GCS. DOXloaded POEG-b-PPPMP micelles exhibited an excellent stability of 42 days at 4°C. Moreover, DOX loaded in POEG-b-PPPMP micelles showed higher levels of cytotoxicity than DOX loaded in a pharmacologically inert polymer (POEG-b-POM) and Doxil formulation in several tumor cell lines. Consistently, in a 4T1.2 murine breast cancer model, the tumor inhibition followed the order of DOX/POEG-b-PPPMP > DOX/POEG-b-POM ≥ Doxil > POEG-b-PPPMP > POEG-b-POM. Our data suggest that POEG-b-PPPMP micelles are a promising dual-functional carrier that warrants more studies in the future.
Introduction
Ceramides are not only essential structural components of cell membranes regulating fluidity and subdomain stucture of lipid bilayer, but also have crucial and specific links to various aspects of cancer initiation, progression and response to chemotherapies [1, 2] . As tumor suppressor lipids, ceramides have important messenger functions mediating cell differentiation, cell cycle arrest, senescence and apoptosis [3] . Mounting evidence shows that ceramides are intimately involved in those pathways by regulating specific protein targets such as phosphatases and kinases [4] . Ceramides activate the ceramide-activated protein phosphatases (CAPPs), which comprise the serine/ threonine protein phosphatases PP1 and PP2A. PP1 gives rise to the dephosphorylation of SR proteins that mediate the alternative splicing ceramides, are capable of direct activation of ceramide targets, inducing cell death in a myriad of cancer types [10] . B13, another ceramide analogue, inhibits acid CDase, inducing accumulation of ceramide and increasing apoptosis in an in vivo model of metastatic human colon cancer and in a prostate cancer xenograft model [11] . In addition, several delivery systems have been empolyed for systemic delivery of ceramides including liposomes [12] , calcium phosphate nanocomposite particles (CPNPs) [13] , linear dentritic nanoparticles [14] , nanoemulsions [15] and others. For instance, delivery of ceramides via pegylated liposomes, which are generally more effective at crossing the cell membrane, increase accumulation of ceramides and their ability to kill cancer cells [16] .
Recently it has been shown that ceramide metalolism can also be modulated by chemotherapy or radiotherapy [17] . Despite the differences in their chemical structures and the postulated major mechanisms of action, many chemotherapeutic agents are all capable of inducing ceramide generation through enhanced de novo synthesis, catabolism of sphingomyelin, or both, suggesting a role of ceramide metabolism in the overall antitumor activity of these agents [18] . Doxorubicin, etoposide, camptothecin, 4-HPR, fludarabine, cisplatin, gemcitabine, irinotican, vorinostat or radiation induces de novo ceramide genration [19, 20] . A-SMase has been implicated in mediating apoptosis induced by paclitaxel (PTX), 5-FU, daunorubicin and radiation [17] . Cytosine arabinoside (Ara-C) triggers ceramide generation through the activation of N-SMase [9] . In each case, the result is an enhanced ceramidegoverned cytotoxic response.
However, the accumulation of ceramides in tumor cells could simultaneously initiate and/or up-regulate the catabolic pathways towards themselves. Glucosylceramide synthase (GCS) is one of the most pivotal metabolic enzymes to clear ceramides. GCS catalyzes ceramide glycosylation, transferring a glucose residue from UDP-glucose to ceramide for the synthesis of glucosylceramide; this process facilitates ceramide clearance and limits ceramide-induced apoptosis [21] [22] [23] . Emerging evidence shows that ceramides increase GCS enzyme activity and GCS mRNA level [24, 25] . More importantly, chemotherapeutic agents, such as DOX, which increase endogenous ceramide levels, have been demonstrated to activate GCS promoter and induce GCS gene expression [26] . Therefore, inhibition of GCS would diminish the ablility of tumor cells to detoxify ceramide and restore the sensitivity of tumor cells to anticancer drugs. PPMP (1-phenyl-2-palmitoylamino-3-morpholino-1-propanol) is a potent inhibitor of GCS and can help sustain a high level of ceramide inside tumor cells through inhibiting its conversion to bio-inactive glycosylated ceramide [27] . PPMP also inhibits l-O-acylceramide synthase, another minor ceramide metabolizing enzyme [28] . Like other inhibitors of GCS, PPMP can both induce cell death by itself and synergize with classical chemotherapeutic agents. The combination of PPMP with anticancer drugs such as PTX [29] , 4-HPR [30] , irinotican [29] has been reported to cause increased ceramide levels and cytotoxicity on tumor cells, such as those derived from neuroblastoma, melanoma, prostate, lung, colon, breast and pancreatic cancers.
One of the issues for the clinical translation of the combination therapy is lack of an effective strategy for selective codelivery of PPMP and the chemotherapeutic agents.
In this study, we developed a PPMP prodrug-based polymeric nanocarrier (POEG-b-PPPMP) to overcome this limitation. POEG-b-PPPMP could serve as a depot system allowing the release of active PPMP over a prolonged period of time. More importantly, POEG-b-PPPMP could self-assemble to form micelles to achieve synergistic codelivery with other anticancer drugs including DOX, PTX and C6-ceramide. We systematically evaluated the sizes, structures and drug loading efficiency of POEG-b-PPPMP-based nanocarrier. The antitumor activity of drugfree POEG-b-PPPMP and DOX-loaded POEG-b-PPPMP was also investigated in vitro and in vivo.
Experimental section

Materials
PPMP·HCl was synthesized and purified following a published patent (WO 2005/049827 A2). Methacryl chloride, triethylamine, 4-Cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid, oligo (ethylene glycol) methacrylate OEGMA (average Mn = 500), 2,2-Azobis (isobutyronitrile)(AIBN), Dulbecco's Modified Eagle's Medium (DMEM), trypsin-EDTA solution, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) were purchased from Sigma-Aldrich (MO, U.S.A). DOX·HCl was purchased from LC Laboratories (MA, U.S.A). PTX was purchased from AK Scientific Inc. (CA, U.S.A.). Fetal bovine serum (FBS), penicillin-streptomycin solution and TRIzol lysis reagent were purchased from Invitrogen (NY, U.S.A.). QuantiTect Reverse Transcription Kit was purchased from Qiagen (MD, U.S.A).
Methods
Synthesis of PPMP-monomer
Methacryloyl chloride (209 μL, 2 mmol) was added to the solution of PPMP·HCl salt (511 mg, 1 mmol) in 5 mL DCM, followed by triethylamine (689 μL, 5 mmol) at 0°C. The reaction mixture was stirred at 0°C for 1 h and then kept at room temperature overnight. The completion of reaction was monitored by TLC (Petroleum ether/ EtOAc = 9:1). The reaction mixture was quenched by the addition of saturated NaHCO 3 , and the product was extracted with DCM (3 × 15 mL). The organic phase was collected and washed by water and brine, dried over Na 2 SO 4 , filtered, and the solvent was then evaporated. The crude product was purified by column chromatography on silica gel eluted with petroleum ether/EtOAc (12:1) to give the oil product PPMP monomer (450 mg, 90%).
Synthesis of POEG macroCTA
POEG macroCTA was synthesized and purified following a published protocol [31] .
Synthesis of POEG-b-PPPMP
POEG macroCTA (390 mg, 0.052 mmol), PPMP-monomer (225 mg, 0.415 mmol), AIBN (4.5 mg, 0.027 mmol), and 2 mL dried 1, 4-Dioxane and THF (V/V = 1/1) were added in a Schlenk tube and deoxygenated by free-pump-thawing for three times. Under N 2 protection, the mixture was kept in an oil bath thermostated at 90°C for 24 h, and then quenched by cooling the tube in liquid nitrogen. The mixture was precipitated in hexane for 3 times and dried in vacuum.
Preparation and characterization of blank or drug-loaded POEG-b-PPPMP micelles
DOX solution was first prepared by dissolving DOX·HCl in a mixture of chloroform/methanol (1:1, v/v) containing triethylamine (5 equiv) to remove HCl. Then DOX (5 mg/mL in chloroform/methanol) was mixed with POEG-b-PPPMP polymers (50 mg/mL in chloroform) at different carrier/drug ratios. The solvent was removed by nitrogen flow to produce a thin film of carrier/drug mixture, which was further dried in vacuum for 2 h to remove any remaining solvent. Then the thin film was hydrated and gently vortexed in Dulbecco's phosphate-buffered saline (DPBS) to form DOX-loaded micelles. PTX-loaded, C6-ceramideloaded POEG-b-PPPMP micelles and drug-free micelles were prepared similarly as described above.
The average diameter and the size distribution of POEG-b-PPPMP micelles were assessed via a Zetasizer (DLS). The morphology of POEGb-PPPMP blank micelles and drug-loaded micelles was observed by transmission electron microscopy (TEM). The drug loading efficiency of DOX and PTX was examined by Waters Alliance 2695 Separations Module combined with Waters 2475 Fluorescence Detector (excitation, 490 nm; emission, 590 nm; gain, 3; sensitivity (FUFS), 10,000) and high performance liquid chromatography (HPLC) respectively as described previously [32] . Drug loading capacity (DLC) and drug loading efficiency (DLE) were calculated according to the following equation: DLC % = [weight of drug loaded/(weight of polymer used + weight of drug used)] × 100%, DLE % = (weight of loaded drug/weight of input drug) × 100%. The colloidal stability of drug-loaded micelles with various carrier/drug molar ratios at room temperature and 4°C was evaluated by following the changes in sizes of the particles or visible precipitates every hour in the first 12 h and daily after 12 h following sample preparation.
The CMC of POEG-b-PPPMP micelles was determined by using nile red as a fluorescence probe as described previously [33] .
The kinetics of DOX release from DOX/ POEG-b-PPPMP was performed according to a previous report [34] .
In vitro cytotoxicity assay
Cytotoxicity assay was performed on 4T1. MTT assay and the calculation of cell viability were performed as described before [34] . The anti-proliferation data for single drug and combination treatment was fitted to an inhibitory, normalized doseresponse model with variable slope (Y = 100/(1 + 10^((LogEC50-X) *HillSlope); (GraphPad Prism, San Diego, CA).
Real-time PCR
Real-time PCR studies were performed on 4T1.2 mouse breast cancer cells and MCF-7 human breast cancer cells. . After 48 h, total cellular RNA was extracted using the TRIzol lysis reagent. cDNA was generated from the purified RNA using QuantiTect Reverse Transcription Kit according to the manufacturer's instructions. The cDNAs corresponding to GCS were amplified by PCR using the specific primers (mouse GCS forward 5′-CCAGGAGGGAATGGCCTTGT-3′, mouse GCS reverse 5′-AGAGACACCAGGGAGCTTGC-3′; human GCS forward 5′-CCACCCTGTCCTCCTCCTG-3′, human GCS reverse 5′-GAAGACGGCCATTCCCTCCA-3′). Quantitative real-time PCR was performed using SYBR Green Mix on a 7900HT Fast Real-time PCR System. Relative target mRNA levels were analyzed using delta-delta-Ct calculations and normalized to GAPDH.
Analysis of lipids
Ceramides measurements were also carried out on 4T1.2 cells or MCF-7 cells. All cells were similarly treated as described above. After 48 h treatment, cells were washed twice with ice-cold DPBS and lysed in 60 μL 0.2% sodium dodecyl sulfate (SDS). An aliquot (30 μL) of the cell lysates was taken for protein determination. For another aliquot (30 μL) of the cell lysates, 0.5 μg of C6-ceramide was added as the internal standard. Lipids were extracted using 400 μL of chloroform/ methanol (3:1, v/v). After gentle vortex and centrifugation at 3000 rpm at RT for 10 min, the resulting organic lower phase was collected and evaporated under a stream of nitrogen. Lipids were resuspended in 200 μL ACN/IPA/H 2 O (1:1:1, v/v/v) and centrifuged at 12,500 rpm for 10 min at 4°C and 150 μL of the clear supernatant was collected in UPLC injection vials. Sphingolipids were separated on an Agilent 1200 high performance liquid chromatography system (Agilent Technologies, CA, U.S.A) and analyzed by electrospray ionizationtandem mass spectrometry on a 400 QTRAP (AB Sciex, MA, U.S.A). The peak areas for different sphingolipid subspecies (C16-ceramide, C18-ceramide, C20-ceramide, C22-ceramide and C24-ceramide) were quantified by internal standards (C6-ceramide) and then normalized to protein concentrations.
Plasma pharmacokinetics and tissue distribution
For plasma pharmacokinetics, POEG-b-PPPMP/DOX micelles, POEG-b-POM/DOX and DOX·HCl were injected intravenously into groups of 5 tumor-free female CD1 mice at a DOX dose of 5 mg/kg, respectively. Blood samples were collected in heparinized tubes at designated time points (3 min, 10 min, 30 min, 1 h, 2 h, 4 h, 8 h and 12 h) post injection. The samples were centrifuged at 12,500 rpm for 10 min at 4°C and 20 μL of the supernatant was collected. Then 200 μL acetonitrile was added and the samples were vortexed for 1 min. The samples were centrifuged at 12,500 rpm for 10 min at 4°C and 150 μL of the clear supernatant was collected and injected into HPLC for DOX analysis. Noncompartmental pharmacokinetic analysis was executed by WinNonlin.
For tissue distribution study, POEG-b-PPPMP/DOX micelles, POEGb-POM/DOX and DOX·HCl were i.v. injected into female BALB/c mice bearing 4T1.2 tumors of 400-600 mm 3 (n = 5) at a DOX dose of 5 mg/ kg, respectively. Mice were sacrificed 24 h post injection. Major organs (including heart, liver, spleen, lung and kidney) and tumors were harvested, weighed, and stored at −80°C. One hundred milligrams of each organ was weighed and homogenized in 500 μL PBS on ice. Five hundred microlitre methanol/acetonitrile (1/1, v/v) was then added and vortexed for 3 min. The samples were centrifuged at 12,500 rpm for 10 min at 4°C and the supernatant was transferred to clean tubes and dried under nitrogen flow. Two-hundred microlitre acetonitrile was added and vortexed to dissolve samples, which were then centrifuged at 12,500 rpm for 10 min at 4°C. One hundred and 50 μL of the clear supernatant was collected and injected into HPLC for DOX analysis.
In vivo therapeutic study
The in vivo antitumor efficacy of the DOX-loaded POEG-b-PPPMP micelles was tested in a syngeneic 4 T1.2 mouse breast cancer model. , mice were randomly divided into six groups (n = 5), and treated via tail vein injection with DPBS, blank POEG-b-PPPMP micelles, blank POEG-b-POM micelles, DOX-loaded POEG-b-PPPMP micelles, DOX-loaded POEG-b-POM or Doxil, respectively, at a DOX dose of 5 mg/kg. The treatments were conducted every three days for a total of 3 times. Tumor sizes were measured with the digital caliper every three days following the initiation of the treatment and calculated by the formula: (L × W 2 )/2, where L is the longest and W is the shortest in tumor diameters (mm). Body weights were also monitored for the indication of toxicity. On 23 days post injection, all mice were sacrificed and tumor tissues were collected for weight, photography and H&E staining.
Histochemical staining
The H&E staining was similarly conducted as described before [35] .
Statistical analysis
In vitro or in vivo data are presented as mean ± standard deviation (SD) or mean ± standard error of mean (SEM), respectively. Twotailed Student's t-test or analysis of variance (ANOVA) was used to compare two groups or multiple groups, respectively. Significance was determined with Tukey simultaneous post hoc test. In all statistical analyses, P < .05 is considered statistically significant.
Results
Effect of anticancer drugs on GCS mRNA expression
To evaluate the effect of DOX, PTX, or C6-ceramide on GCS expression, we treated MCF-7 cells with various concentrations of DOX, PTX and C6-ceramide, respectively. The expression of GCS mRNA was examined by RT-qPCR 48 h following the drug treatment. As shown in Fig. 1A , treatment of MCF-7 cells with either DOX or C6-ceramide led to significant increases in the mRNA expression levels of GCS in a dosedependent manner. At a DOX concentration of 200 nM and a C6-ceramide concentration of 2 μM, the GCS mRNA expression levels in MCF-7 cells were increased by 4.2 and 6.5 fold respectively. Induction of GCS mRNA expression by DOX or C6-ceramide was similarly observed in 4T1.2 cells (Fig. 1B) . However, induction of GCS expression by DOX or C6-ceramide was less dramatic in 4 T1.2 cells compared to that in MCF-7 cells. Treatment with PTX also led to significant induction of GCS expression in MCF-7 cells but not in 4T1.2 cells. These results suggest that ceramides generated in tumor cells in response to chemotherapeutic stress upregulate GCS expression to detoxify ceramides and prevent cell death.
Effect of combination of PPMP and other chemotherapeutic drugs on tumor cell proliferation
To assess whether GCS inhibitor PPMP could further enhance the cytotoxicity and/or restore sensitivity of tumor cells to the action of anticancer drugs, we evaluated the growth inhibitory activity of combination treament of PPMP with other anticancer drugs in MCF-7, 4T1.2 and PC-3 cell lines. As shown in Fig. 2A , PPMP or DOX alone caused a concentration-dependent inhibition of MCF-7 cell proliferation. It is also apparent that combination of the two led to a significant improvement in the level of cytotoxicity. Similar synergistic effects between PPMP and DOX were found in 4 T1.2 ( Fig. 2B ) and PC-3 (Fig. 2C) cells. PPMP also synergized with PTX or C6-ceramide in inhibiting the tumor cell proliferation in all tumor cell lines tested (Fig. 2D-J) . Combination index (CI) was then calculated to assess a potential synergy between PPMP and other anticancer drugs, by the equation CI = (d1/IC 50 1) + (d2/IC 50 2), with d1 or d2 being the concentration of PPMP or other anticancer agent (DOX, PTX or C6-ceramide) required to achieve 50% killing effect in co-treatment, while IC 50 1 or IC 50 2 being IC 50 of PPMP or other anticancer agents in single treatment, respectively. All of CI values listed in Table 1 were < 1, indicating the synergy between PPMP and DOX, PTX or C6-ceramide in all of the examined cancer cell lines.
Synthesis and characterization of the POEG-b-PPPMP polymers
First, PPMP·HCl was synthesized following a published patent (WO 2005/049827 A2) and its chemical identity was confirmed by 1 H NMR (Fig. S1 ). Then PPMP was conjugated with methacryloyl chloride through a hydrolyzable ester linkage as shown in Scheme 1. The structure of PPMP monomer was confirmed by 1 H NMR (Fig. S2) . Meanwhile, the macro-chain transfer agent POEG was synthesized by RAFT polymerization of hydrophilic OEGMA monomer according to a published method [31] . POEG (MW = 7500) was then used to initiate the polymerization of hydrophobic PPMP monomer, yielding the amphiphilic POEG-b-PPPMP block copolymer. The structure of POEG-b-PPPMP was confirmed by 1 H NMR (Fig. 3) , and the average degree of polymerization of the PPMP monomers was calculated by comparing the intensity of I b and I a . The calculated molecular weight by 1 H NMR was M n = 11,700. The molecular weight detected by gel permeation chromatography (GPC) was M n = 12,100 with narrow polydispersity (PDI) of 1.3, which was consistent with molecular weight calculated by 1 H NMR. Therefore, each POEG-b-PPPMP molecule contained 15 units of OEGMA and 7 units of PPMP, denoted by POEG 15 -b-PPPMP 7 . Fig. 1 . Effects of chemotherapies on GCS mRNA expression in MCF-7 (A) and 4T1.2 (B) cell after 48 h treatment. Data are presented as the means ± SD for triplicate samples. P values were generated by one-way ANOVA using the Dunnett test for multiple comparisons to one control (*P < .05, **P < .01, ***P < .001).
Biophysical characterization of blank and drug-loaded POEG-b-PPPMP micelles
POEG-b-PPPMP alone or POEG-b-PPPMP/drug mixture readily formed transparent micellar solution in DPBS by a simple film hydration method. Fig. 4 showed that the CMC of POEG-b-PPPMP micelles was around 0.03 mg/mL. The low CMC of POEG-b-PPPMP shall provide a good stability for micelles upon dilution in blood stream after intravenous administration. The hydrodynamic sizes of blank and drugloaded POEG-b-PPPMP micelles were examined by DLS and the data are shown in Fig. 5 . POEG-b-PPPMP formed micelles with a diameter of 105 nm (Fig. 5A) . Interestingly, incorporation of a drug into micelles at a carrier/drug ratio of 20:1 (mg/mg) resulted in a slight decrease in particle sizes (80-100 nm) (Fig. 5B-D) . This is likely due to an enhanced interaction between the carrier and loaded drugs, leading to the formation of a more compact structure. TEM images further confirmed the spherical morphology of blank and drug-loaded POEG-b-PPPMP micelles with a uniform size distribution (Fig. 5) . The size, DLC, and formulation stability of drug-loaded POEG-b-PPPMP micelles were then examined ( Table 2 ). DOX could be loaded into POEG-b-PPPMP micelles at a carrier/drug ratio as low as 10/1 (mg/mg), at which ratio DOX was incorporated into the carrier at a DLC of 6.5% and DOX-loaded micelles were stable with no obvious changes in size or precipitation for 6 days at 4°C. In addition, with an increase in the carrier/drug ratio, the drug encapsulation efficiency and colloidal stability were further improved. As shown in Table 2 , at a carrier/drug ratio of 50:1, DOX-loaded micelles were stable for 42 days in solution at 4°C. In order to deliver more PPMP as well as provide good stability, a carrier/drug mass ratio of 50:1 was used for all subsequent studies. In addition to DOX, other chemotherapeutic agents such as PTX and C6-ceramide, could be effectively loaded into POEG-b-PPPMP nanocarrier. Therefore, POEG-b-PPPMP might serve as a carrier for the delivery of different types of anticancer drugs. 
In vitro drug release
The release profile of DOX from DOX-loaded POEG-b-PPPMP micelles was investigated by a dialysis method in DPBS and compared to that of free DOX and DOX-loaded POEG-b-POM micelles. As shown in Fig. 6 , DOX release from two micellar formulations was significantly slower than that from free DOX. Forty eight percent of DOX was rapidly released from free DOX in 2 h and around 83% of total drug was released within 12 h. In contrast, < 10% DOX was released from POEG-b-PPPMP formulation in 2 h and the slow release kinetics extended for 72 h. The performance of DOX cumulative release followed the order of DOX/POEG-b-PPPMP > DOX/POEG-b-POM > free DOX.
In vitro cytotoxicity of prodrug micelles and PTX/DOX/ceramideloaded micelles
The in vitro cytotoxicity of POEG-b-PPPMP blank micelles was tested in 4T1.2, PC-3 and MCF-7 cancer cells and compared to that of free PPMP. As shown in Fig. 7A , free PPMP inhibited the proliferation of 4T1.2 tumor cells in a dose-dependent manner. Compared to free PPMP, POEG-b-PPPMP prodrug micelles showed less cytotoxicity at equivalent amounts of PPMP in 4T1.2 cells. Similar results were shown in PC-3 and MCF-7 tumor cells (Fig. 7B & C) . The cytotoxicity of POEGb-PPPMP shall likely come from the PPMP cleaved from the prodrug polymer following the intracellular uptake. The less effectiveness of POEG-b-PPPMP was likely due to the limited PPMP cleavage and release in a relatively short period of treatment.
The cytotoxicity of DOX-loaded POEG-b-PPPMP micelles was also investigated in 4 T1.2 (Fig. 8A ), PC-3 ( Fig. 8B ) and MCF-7 (Fig. 8C ) Fig. 8B ) and MCF-7 (Fig. 8C ) cells. We have further shown a synergy between POEG-b-PPPMP and codelivered PTX (Fig. 8D-F) or C6-ceramide ( Fig. 8G-I ).
Effect of POEG-b-PPPMP on regulation of ceramides production
As a prodrug of PPMP, the ability of POEG-b-PPPMP in regulating ceramides production was investigated in 4T1.2 and MCF-7 cells. The peak areas for different sphingolipid subspecies (C16-ceramide, C18-ceramide, C20-ceramide, C22-ceramide and C24-ceramide) were quantified using a non-naturally occurring C6-ceramide as an internal standard and then normalized to protein concentrations. We focused on these species as long-chain ceramides (C16-C20) are known to have anti-proliferative and pro-apoptotic effects [36] . It has been reported that the levels of C16, C24:0 or C24:1 ceramides are significantly increased in breast cancer tissues [37] . Especially, evidence is mounting that the endogenous levels of C16:0 ceramide were increased under pro-apoptotic conditions, which played a decisive role in regulating apoptosis [38] [39] [40] As shown in Fig. 9A & G, treatment with PPMP as well as the POEG-b-PPPMP-based prodrug led to a modest increase in the amounts of C16 ceramide. As a ceramide-generating anticancer agent, DOX significantly induced C16 ceramide production in both tested cell lines, while free drug combination (DOX·HCl + PPMP) or POEG-b-PPPMP/DOX mixed micelles were most effective in promoting ceramide accumulation. Unlike its effect on C16 ceramide, our POEG-b-PPPMP/DOX formulation caused negligible changes in the amounts of C24 ceramides (Fig. 9E, F , K & L). Interestingly C24:0 or C24:1 has been reported to have minimal effect in promoting apoptosis and could even promote the proliferation of tumor cells [41, 42] . Therefore, our POEGb-PPPMP/DOX system appears to selectively promote the accumulation of pro-apoptotic ceramide species.
Effect of POEG-b-PPPMP on GCS mRNA expression
In addition to direct inhibition of GCS enzymatic activity, PPMP has been shown to downregulate the mRNA expression of GCS in tumor cells. PPMP treatment was shown to cause decreases in GCS mRNA levels in drug-resistant cell lines with high endogenous GCS mRNA expression, including head and neck cancer (AMC-HN2, relative resistance to cisplatin) [43] and leukemia cell lines (K562/AO2, multidrug resistance) [44] . Accordingly, we examined the efficacy of POEGb-PPPMP in downregulating GCS mRNA expression in both MCF-7 and 4T1.2 cells and compare to that of free PPMP. As shown in Fig. 10 , treatment with free PPMP led to significant decreases in the basal levels of GCS mRNA in both cancer cell lines. Free PPMP was also effective in inhibiting the DOX-induced upregulation of GCS mRNA expression. POEG-b-PPPMP was comparable to free PPMP in inhibiting both basal and DOX-induced expression of GCS mRNA. 
Plasma pharmacokinetics and tissue distribution
The POEG-b-PPPMP/DOX, POEG-b-POM/DOX or DOX·HCl was injected into tumor-free mice at a DOX dose of 5 mg/kg. The plasma concentrations of DOX were examined at different time points. The initial blood concentration of POEG-b-PPPMP was around 3 mg/mL, which was 100-fold higher than its CMC (0.03 mg/mL). The concentrations of DOX in the blood following i.v. injection of different DOX formulations as a function of time were illustrated in Fig. 11A .
Meanwhile, the PK parameters, obtained by fitting data to a non-compartment model, are listed in Table 3 . Compared to DOX·HCl, the plasma concentrations of DOX for both POEG-b-POM/DOX and POEGb-PPPMP/DOX were significantly higher at early time points and maintained at relatively high levels until 12 h, which is attributed to the surface modification of PEG and stealth-shielding against RES system. With the same length of coated PEG, however, POEG-b-PPPMP/DOX provided higher levels of DOX in circulation than POEG-b-POM/DOX. This is likely due to a more effective interaction between POEG-b- PPPMP and DOX, which is also supported by the data from in vitro release study (Fig. 3) .
Next, the DOX tissue distribution of the three formulations was investigated in tumor-bearing mice. POEG-b-PPPMP/DOX, POEG-b-POM/ DOX or DOX·HCl was injected into 4 T1.2 tumor-bearing mice at a DOX dose of 5 mg/kg. Twenty-four hours following the injection, major organs and tumors were harvested for the quantification of DOX. Compared to free DOX, both micellar formulations exhibited significantly greater amounts of DOX in tumor tissue, which is attributed to the EPR effect of nanoparticles. In addition, DOX formulated in POEG-b-PPPMP was more effective in tumor accumulation than in POEG-b-POM. This is consistent with the PK data and is likely ascribed to the better stability in blood stream due to the increased carrier-drug interaction between DOX and POEG-b-PPPMP. The DOX uptake in other organs was lower for POEG-b-PPPMP/DOX compared to free DOX group, although it was not statistically significant. The decreased accumulation of DOX in normal tissues, particularly in heart shall help to decrease the DOX-associated toxicity and allow higher doses of DOX to be administered to maximize the therapeutic effect.
In vivo therapeutic study
The in vivo tumor growth inhibition efficiency of POEG-b-PPPMP/ DOX micelles was investigated in a highly aggressive syngeneic murine breast cancer model (4 T1.2, s.c. at mammary fat pad). As expected, the control carrier alone (POEG-b-POM) showed minimal antitumor activity (Fig. 12A) . POEG-b-PPPMP alone exhibited a modest but significant (P < .05) tumor inhibition effect. Doxil formulation and POEG-b-POM/DOX showed comparable and enhanced tumor inhibitory effect. Among all treatment groups, POEG-b-PPPMP/DOX was most effective in inhibiting the tumor growth. Fig. 12 B&D show the weights and images of tumor tissues that were collected at the end of the experiment, which was consistent with data of tumor growth curves (Fig. 12A ). There were slight increases in body weights in all groups over the period of study, suggesting the negligible toxicity of POEG-b-PPPMP/DOX micelles in vivo (Fig. 12C) .
Histochemical staining
Histological analysis was conducted to further evaluate the therapeutic effect of POEG-b-PPPMP/DOX formulation. As shown in Fig. 13 , tumors treated with DPBS or POEG-b-POM carrier alone exhibited abundant aggregates of neoplastic cells with conspicuous nucleoli and scant cytoplasm due to high proliferation rate. In contrast, tumors that were treated with POEG-b-PPPMP/DOX showed significantly altered morphology with shrunken nuclei and the lowest tumor cell density.
Discussion
As a primary approach in cancer treatment, various classes of chemotherapeutic drugs are available in clinic. Regardless of the differences in the structures of the agents, their molecular targets, and the major mechanisms of action, the eventual onset of apoptosis seems to be a common consequence in chemotherapy-induced cell death. Ceramide, the central molecule in sphingolipids family, has recently been identified as a key mediator of this process and has attracted tremendous attention in cancer therapy [45] . Mounting evidence shows that most chemotherapeutic agents are capable of inducing endogenous ceramide accumulation through either activation of sphingomyelin catabolism and/or increases in de novo synthesis [2] .
Various strategies have been developed to increase the intracellular levels of ceramides in tumor cells including intracellular delivery of exogenous ceramides, enhancement of ceramide synthesis, and inhibition of ceramide catabolism [10] . As a stand-alone strategy, the first two approaches are insufficient as the increased levels of ceramides are only short-lived due to activation of the ceramide catabolism pathways [2] . Importantly, many of the ceramide metabolites have the opposite effects of ceramides, playing an important role in tumor cell survival and drug resistance [23, 46, 47] .
A number of pathways are involved in the catabolism of ceramides inside cells with GCS being the dominant mechanism for ceramide catabolism [48] . Drugs that cause increases in the intracellular levels of ceramides such as DOX, PTX and C6-ceramide itself, also induce upregulation of GCS expression. However, different types of tumor cells respond differently to a ceramide-generating drug (e.g., DOX) with respect to the extent of GCS upregulation. Our data (Fig. 1) show that GCS upregulation was much more dramatic in MCF-7 cells than in 4T1.2 cells following treatment of DOX, PTX or C6-ceramide. Nonetheless, combination of a ceramide-generating drug with an inhibitor of GCS shall represent an effective strategy to improve the therapeutic outcome.
PPMP is a small molecule drug that was initially known to inhibit the enzymatic activity of GCS. PPMP was later shown to be also effective in downregulating the mRNA expression levels of GCS in tumor cells (Fig. 10) . Our data show that PPMP effectively downregulated both basal and DOX-induced GCS mRNA levels in MCF-7 and 4T1.2 cells, which is consistent with what was found in other tumor cells [42, 43] . Interestingly, PPMP appears to selectively upregulate the proapoptotic ceramide species while having minimal impact on those species that have no effect in promoting the apoptosis or even enhance the tumor cell proliferation (Fig. 9) . The underlying mechanism is unclear and requires more studies in the future.
As a strategy to faciliate the codelivery of PPMP and another ceramide-genertaiung anticancer agent, we initially developed a dualfunctional carreir that is based on PEG-PPMP 2 . One issue with this system is the low number (2) of PPMP units in the carrier, which will limit the amounts of PPMP that can be delivered to tumor tissues. This led us to the developemnt of an improved nanocarrier, which is a POEG-b-PPPMP-based copolymer with significantly incrased number of PPMP units (7) in each molecule of polymer. A PPMP monomer was first synthesized, which allows the use of a simple and well-controlled polymerization protocol to obtain well-defined POEG-b-PPPMP polymers. This approach has an obvious advantage of simplicity compared to the strategy of post-conjugation of PPMP following the synthesis of a polymer scaffold. It also avoids the issue of the presence of some Fig. 9 . Different species of relative ceramide level in 4T1.2 or MCF-7 cells measured by LC/MS 48 h after POEG-b-PPPMP or POEG-b-PPPMP/DOX treatments compared to free drug alone or combination. Tumor cells were treated with PPMP, POEG-b-PPPMP, DOX·HCl + PPMP or POEG-b-PPPMP/DOX at the same PPMP concentration of 1.7 μM; DOX·HCl, DOX·HCl + PPMP or POEG-b-PPPMP/DOX at the same DOX concentration of 100 nM. Data are presented as the means ± SD for triplicate samples. P values were generated by one-way ANOVA using the Tukey test for multiple comparisons. *P < .05, **P < .01, ***P < .001. Data are presented as the means ± SD for triplicate samples. P values were generated by one-way ANOVA using the Tukey test for multiple comparisons. *P < .05, **P < .01, ***P < .001. remianing reactive groups in polymers after conjugation of PPMP. After synthesis, the formulation of blank or drug-loaded POEG-b-PPPMP could be prepared through a very simple film hydration method. In addition, POEG-b-PPPMP was effective in formulating a wide range of hydrophobic anticancer drugs of different structures. POEG-b-PPPMP well retains the pharmacological activity of free PPMP. POEG-b-PPPMP exhibited comparable activity in downregulation of basal GCS mRNA expression (Fig. 9) , and similarly reversed the DOX-induced GCS upregulation as free PPMP (Fig. 10) . More importantly, like free PPMP, POEG-b-PPPMP also selectively increased the accumulation of pro-apoptotic ceramides with negligible effect on anti-apoptotic ceramides species.
POEG-b-POM was synthesized as a control carrier that has the same units of hydrophilic POEG and hydrophobic oleic acid (POEG15-b-POM 7 ) compared to POEG-b-POM. Interestingly, DOX formulated in POEG-b-POM showed a relatively slower kinetics of drug release (Fig. 6) , longer stay in blood (Fig. 11A) , and more effective accumulation at tumor tissues (Fig. 11B ) compared to DOX formulated in the Values reported are the means ± SEM, n = 5. P values were generated by one-way ANOVA using the Tukey test for multiple comparisons. *P < .05, **P < .01, ***P < .001 (vs control). Fig. 13 . Histological analyses of tumor tissues collected from different groups at the end of in vivo therapeutic experiment using H&E staining.
control carrier. This is likely due to a more effective interaction between POEG-b-PPPMP and DOX. In addition to hydrophobic interaction as seen with POEG-b-POM/DOX, the aromatic rings of PPMPs in POEGb-PPPMP further interact with DOX through π-π stacking, resulting in an enhancement in the overall carrier/drug interactions.
POEG-b-PPPMP demonstrated significant antitumor activity both in vitro and in vivo. This is likely due to the release of active PPMP following delivery of POEG-b-PPPMP to tumor cells. Importantly, codelivery of DOX via POEG-b-PPPMP led to effective growth inhibition of 4T1.2 breast tumor, much more effectively than Doxil and POEG-b-PPPMP/DOX. The improved antitumor activity of POEG-b-PPPMP/DOX over POEG-b-POM /DOX might be largely attributed to the synergistic action between the released PPMP from POEG-b-PPPMP and the codelivered DOX. The improved delivery of DOX via POEG-b-PPPMPbased carrier (Fig. 11 ) may also play a role.
Conclusion
We have developed a well-characterized POEG-b-PPPMP prodrug- 
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